Acquired lymphedema is one of the most dreaded side effects of cancer treatment, such as surgical treatment or irradiation. However, due to the lack of appropriate animal models, there is no effective therapeutic method to cure acquired lymphedema. To develop a reproducible acquired lymphedema animal model, we devised a mouse hind limb model by removing a superficial inguinal lymph node, a popliteal lymph node, a deep inguinal lymph node, and the femoral lymphatic vessel. We measured the volume of lymphedematous leg and observed the change in level of hyaluronic acid (HA) and lymphangiogenic factors after injecting hyaluronidase. Our model showed the distinguishable swelling and the reliable symptoms compared to previously reported models. In the lymphedematous regions of our model, we confirmed that HA, a major component of extracellular matrix, accumulated to higher levels than in a normal mouse. This lymphedema volume was rapidly reduced by treating hyaluronidase. Following hyaluronidase injection, the lymphedematous region of our model resembled a normal hind limb. Our findings indicated that hyaluronidase promoted lymphangiogenesis on the lymphedematous limb. Based on hyaluronidase treatment in the lymphedematous region, this could potentially be a new therapeutic approach for acquired lymphedema mediated through the modification of the size of HA fragments.
Impact statement
In this manuscript, the essence of the work described in this manuscript involves the development of (1) a mouse limb model showing acquired lymphedema and (2) a potent therapeutic treatment using hyaluronidase to remedy acquired lymphedema in our model. In order to develop a reproducible acquired lymphedema animal model that reflects the most common symptoms experienced by lymphedema patients, we devised a mouse hind limb model by removing lymph nodes and lymphatics. Our model showed the distinguishable swelling and the reliable symptoms compared to previously reported models. In the lymphedematous regions of our model, we confirmed that hyaluronic acid (HA) accumulated to higher levels than in a normal mouse. This lymphedema volume was rapidly reduced by treating the lymphedematous leg with hyaluronidase, which also degraded high molecular weight HA to low molecular weight HA. Immunohistochemical analysis, quantitative real-time PCR analysis and lymphangioscintigraphy showed that hyaluronidase enhanced lymphangiogenesis in the lymphedematous limb.
Introduction
Acquired lymphedema is a set of pathological conditions characterized by the regional accumulation of excessive amounts of interstitial protein-rich fluid and tissue swelling caused by cancer treatments and by parasitic infections. [1] [2] [3] Histopathologic symptoms in lymphedema include thickening of the basement membrane of lymphatic vessels; presence of adipocyte proliferation and hypertrophy; fragmentation and degeneration of elastic fibers; increased numbers of fibroblasts and inflammatory cells; and increased amounts of ground substance, pathological collagen fibers, and progressive tissue fibrosis. 4, 5 As one of the most serious side effects of treatments for cancer, 6 approximately 20% of breast carcinoma survivors and 21.8% of gynecologic cancer survivors suffer from acquired lymphedema following surgical and/or radiation therapies. 1, 7, 8 For lymphedema treatment, physical therapies are the standard treatment and drugs are not usually used for the long-term treatment of lymphedema. Therefore, the goals for the treatment of lymphedema are to temporarily control tissue swelling and to keep other problems from getting worse.
To understand the biological mechanisms of acquired lymphedema occurrence and therapy, a reproducible experimental model system is required. Despite many efforts in this area, however, therapeutic options for the alleviation of lymphedema still remain unsolved. 1, 9 In lymphedematous regions of patients, HA or hyaluronan, one of the major extracellular matrix (ECM) components, accumulates to levels that are significantly higher than in normal tissue fluids. 10 HA is a non-sulfated glycosaminoglycan composed of the repeating polymeric disaccharides D-glucuronic acid and N-acetyl-D-glucosamine linked by a glucuronidic b bond. 11 HA has various functions depending on the size of its fragments (molecular mass), as high molecular weight HA (HMWHA) is degraded into low molecular weight HA (LMWHA) by the hyaluronidase enzyme. 12 Hyaluronidase hydrolyzes the hexosaminidic b (1-4) linkages between the N-acetyl-D-glucosamine and D-glucuronic acid residues in HA and releases HA fragments (LMWHA).
In this study, we developed a new lymphedema mouse model which presents with symptoms similar to those experienced by lymphedema patients. Using this mouse hind limb model, we confirmed that changes in HA molecular weight could be a key factor for lymphedema induction and treatment. We also demonstrated the alleviation effect of hyaluronidase as a potent therapeutic agent for lymphedema.
Results

A novel lymphedema mouse model
We designed a new protocol for the induction of lymphedema that cause symptoms similar to those observed in lymphedema patients. The development of acquired lymphedema in the right hind limb of mice was achieved by surgical removal of three lymph nodes, a superficial inguinal lymph node, a popliteal lymph node and a deep inguinal lymph node, and a femoral lymphatic vessel (SPDF removal group) ( Figure 1(a) ). To compare the severity of symptoms in our lymphedema-induced mouse model with the symptoms seen in other existing model systems, five groups of mice were prepared based on different surgical protocols: a normal control group, a sham-operated group, a lymphatics-only removal group, a lymph nodeonly removal group, and a SPDF removal group (Group 5). Our model showed the most dramatic enlargement of lymphedema compared to the other groups (Figure 1(b) ). On day 7 postsurgery, the size of lymphedema-induced hind limbs was increased 118.03 AE 35.01% compared to the basal line of the non-operated limbs (Figure 1(c) ). The volume of the edema in the lymphedema-induced mice increased approximately five times relative to the edema in sham-operated mice due to simple inflammatory damage (sham-operated group 21.5434 mm 2 versus lymphedema group 118.0395 mm 2 ). In this lymphedema mouse model, the lymphedematous enlargement of the right hind limb was maintained until 21 days postsurgery. The edema volumes were also measured by circumferential measurement, as described above (Figure 1(d (Figure 1 (e)).
Change in the amount of HA in lymphedema following treatment with hyaluronidase
The concentration of HA in limbs from each group was evaluated by carbazole assay. The HA carbazole reaction assay was performed in a 96-well plate using the tissue samples prepared on day 7 postsurgery (Figure 2(a) ). As in a previous clinical study of lymphedema patients, 13 the HA content was increased in lymphedema-induced limb of mice. In the lymphedematous tissues prepared from PBStreated lymphedema mice, the total concentration of HA increased 9.43% compared to that of the normal group (normal group 2.65 AE 0.21 mg/mL versus PBS-LE group 2.90 AE 0.03 mg/mL). After injection of hyaluronidase into the lymphedematous region to degrade HA, HA decreased 10.68% compared to the tissues prepared from PBS-treated lymphedema mice (HYAL-LE group 2.59 AE 0.02 mg/mL). (Figure 2 (b)). Treatment with exogenous hyaluronidase in lymphedematous limbs reduced the total concentration of HA. In order to investigate HA localization and its content in tissues, we performed immunohistochemical analysis with anti-HA antibody. Immunohistochemical analysis showed that the distribution of HA in the HYAL-LE group was more greatly reduced after hyaluronidase injection than in the PBS-LE group (Figure 2(c) , above). The PBS-LE group showed a distribution of HA that expanded into all subcutaneous and dermal layers. HABP 2 , an extracellular serine protease, was highly expressed in the HYAL-LE group compared to the PBS-LE group. This result indicated that LMWHA accumulated in the HYAL-LE group (Figure 2 (c), below). Quantitative analysis of each stained area indicated that total HAs content decreased and LMWHA was enhanced (Figure 2 (d) and (e)).
Amelioration of lymphedema by hyaluronidase treatment in the right hind limb mouse model
Swelling was measured every three days and agents (PBS or hyaluronidase) were used for treatment every two days (Figure 3(a) ). On day 3 postsurgery, the right hind limb was swollen to a maximum edema size. After hyaluronidase injection, both the dorsal and side images of the lymphedema model showed outstanding levels of edema alleviation in the right hind limb (Figure 3(b) ). The HYAL-LE group showed a more significant reduction in edema in the right hind limb than did the PBS-LE and normal groups (Figure 3 (c)). Hyaluronidase had local effects on the right hind limb, whereas no other physiologic changes were observed in other regions. To investigate the histological changes following hyaluronidase treatment, H&E staining was performed on two regions of the thigh: proximal and distal regions ( Figure 4 ). As compared to the normal mouse group (Figure 4 
Changes in HA caused by hyaluronidase promote the growth of lymphatic vessels in a mouse limb model
Morphological changes and the number of lymphatic vessels on the dermal layer were identified by immunohistochemical analysis with anti-LYVE-1 and anti-VEGFR-3 antibodies which are markers for lymphatic endothelial cells ( Figure 5(a) ). The PBS-LE group had large and dilated lymphatic vessels consistent with lymphatic dysfunction. However, the HYAL-LE group had denser and newly elongated LYVE-1-positive and VEGFR-3-positive lymphatic vessels. The HYAL-LE group showed a 1.5-fold increase in the number of LYVE-1-positive lymphatic vessels compared to the PBS-LE group (normal 3.47 AE 0.51, PBS-LE 12.84 AE 1.31, HYAL-LE 20.34 AE 2.99 per mm 2 ) ( Figure 5(b) ). In addition, the number of VEGFR-3-positive lymphatic vessels was increased 2.89-fold more in the HYAL-LE group than in the PBS-LE group (normal 4.40 AE 0.55, PBS-LE 14.31 AE 0.55, HYAL-LE 41.29 AE 0.95 per mm 2 ) ( Figure 5(c) ). Expression of VEGFR-3 was 6.83 times and 14.49 times higher than in the PBS-LE and normal groups, respectively. Significant increases in the mRNA levels of both LYVE-1 and VEGFR-3 were also observed in mouse tissue treated with hyaluronidase compared to the other groups (LYVE-1: normal 1.07 AE 0.03, PBS-LE 2.17 AE 0.19, HYAL-LE 2.79 AE 0.49/VEGFR-3: normal 0.82 AE 0.17, PBS-LE 2.24 AE 0.27, HYAL-LE 3.79 AE 0.21) ( Figure 5(d) and (e)). When we measured the number of each size of lymphatic vessels in HYAL-LE group, HYAL-LE group showed higher in numbers than PBS-LE group. Especially, the number of lymphatic vessels was more dramatically increased at the size of 10-100 and 100-500 mm 2 of HYAL-LE group (Figure 5(f) ). Lymphangioscintigraphy detected enhanced lymphatic drainage after hyaluronidase injection ( Figure 6 ). In the normal group, lymphatic flow circulated, and the draining lymph nodes were clearly visible from the right hind limb to body. Imaging performed at postsurgery 7 day showed successful surgical blockade of lymphatic fluid in the PBS-LE group. Treatment with hyaluronidase induced the proliferation of lymphatic endothelial cells.
Discussion
Acquired lymphedema is a physiological disease caused by the accumulation of interstitial fluids due to structural defects and malfunction of the lymphatic system. 14 This study represented a possibility to remedy acquired lymphedema using hyaluronidase therapy in lymphedematous regions. Hyaluronidase modulates HA accumulated in lymphedematous tissues and, therefore, we expected that fragmentation of HA might alleviate acquired lymphedema.
The development of reproducible and constant animal model to study acquired lymphedema is important. The absence of the appropriate animal model and the short continuity of lymphedema in models have hindered further substantive studies on lymphedema therapy. 15 Most lymphedema studies have used surgically induced lymphatic disease in the tails of rodents, such as rats and mice, 16, 17 or ears of rabbits. 18, 19 Although such lymphedema models are easily prepared by simple surgical operation, they do not mimic the symptoms shown in lymphedema patients well. Furthermore, their disease regions do not correspond to those of patients. Irradiation therapy has been known to affect the risk of lymphedema after cancer treatment. 20 There were several trials to induce lymphedema by irradiation with gamma ray targeting for limbs in vivo. 21, 22 Some models lasted lymphedema for several months. However, technical limits against local irradiation to specific lymph nodes and side effects from damage to a wide range of normal tissue by proton scattering of radiation were also observed. Therefore, the combined experimental model system with the newly developed surgical protocol and tailor-made local irradiation system is required for further investigation of lymphedema.
In this study, using a new strategy to mimic the symptoms observed in lymphedema using the right whole extremity of a mouse, we evaluated the therapeutic effect of hyaluronidase on lymphedema. Our model required blocking the proper lymph nodes and lymphatic vessels in the regions between an extremity and the body to induce lymphedema in the limbs. It was difficult to identify which lymphatic components were essential in order to cause lymphedema with the minimum amount of damage to the tissue in a small mouse when the lymphatic system was surgically blocked. In reference to reported studies that used different protocols, 23, 24 our lymphedema mouse model was developed by surgical elimination and aggregation of specific lymphatic components, including the superficial inguinal lymph node, the popliteal lymph node, the deep inguinal lymph node, and a femoral lymphatic vessel (Figure 1(a) ). Recently, co-administration of human adipose-derived stem cells and VEGF-C hydrogel as a means of improving lymphangiogenesis in a lymphedema mouse model was investigated (Figure 1(b) ). 23 They induced lymphedema on the footpad. However, their lymphedematous tissue was insufficient to distinguish between the swelling caused by surgery and inflammation toxicity caused by the methylene blue used for staining or blockage of lymphatic components. We performed careful trials to minimize inflammation during the surgical procedures since we intended to identify specific changes caused by lymphatic damages without unintended tissue damage, such as toxicity caused by staining dyes and bleeding by sharp surgical instruments. Furthermore, all targeted lymphatic components were stained using the minimum concentration of methylene blue and they were incised by opening muscles along the texture of the muscles without tissue damage. As a result, our animal model has outstanding swelling in the lymphedematous limb, as compared to the contralateral limb (Figure 1(c) to (e)). This model is an animal model that simulates the representative symptoms of acquired lymphedema through lymphatic dysfunction.
Lymphedema is known to be filled with protein-rich interstitial fluids. 25 Specifically, it has been reported that a lymphedematous leg contains approximately eight times more HA than the contralateral leg. 10 Consistent with this finding, our carbazole assay performed with HA prepared from tissues from each experimental group indicated that the increased total concentration of HA in lymphedematous tissues was reduced after administration of hyaluronidase (Figure 2(a) and (b) ). We saw induced expression of HA and HABP 2 in hyaluronidase-injected lymphedema mice. IHC, performed with HA and HABP 2 antibodies (Figure 2(c) ), was used to localize the distribution of HAs. The localization of HA was increased, along with the total HA content and symptoms of lymphedema, and showed a decrease after treatment with hyaluronidase ( Figure 2(d) ). HABP 2 is a known marker for LMWHA and, in this study, the expression of HABP 2 was consistently correlated with the decrease in the volume of lymphedematous tissue and with the enhanced LMWHA accumulation (Figure 2(e) ). Although it does not inform a precise quantitative value for LMWHA accumulation, it has been known that HABP 2 expression level and LMWHA accumulation are strongly correlated. HMWHA can be cleaved into LMWHA via hyaluronidase. 26 HMWHA accumulation decreases HABP 2 expression whereas LMWHA accumulation increases HABP 2 expression. 27 In addition, LMWHA has been a well-known factor for stimulation of HABP 2 expression by directly binding to HABP 2 . 28 There have been several reports that LMWHA promotes LYVE-1 expression 29, 30 and elevates the expression of HABP 2 in endothelial cells. 31 As a marked decrease in swelling was seen after injecting hyaluronidase into the lymphedematous limb (Figure 3 (a) and (b)), it is likely that the mechanism of lymphedema might be modulated by HA regulation.
In the recent study, however, Jeong et al. 32 demonstrated that hyaluronidase treatment led to a decrease in lymphedema volume and reduction in neutrophils near normal histological appearance (thickness of dermis) in mouse tail. Moreover, Nekoroski et al. 33 also confirmed that the recombinant human hyaluronidase, which kept longer hyaluronidase enzymatic activity, alleviated symptoms of lymphedema in mouse tail lymphedema. We also investigated the change in the amount and size of HA contents in lymphedematous tissues by hyaluronidase (Figure 2(a) and (b)) and visualized it on cross-section tissue (Figure 2(c) ). Taken together, we believe that HA modulation by hyaluronidase treatment can provide the potent therapeutic strategy on lymphedema remedy.
One of the most typical characteristics of lymphedema is swelling and expansion between the dermis and epidermis layers. 34 Also, it is clearly different from the histological conditions and the size of swelling caused by simple inflammation. H&E staining demonstrated that the expanded layer of lymphedematous tissue that was filled with excess of fluid shrank (Figure 4) .
Previous studies for lymphedema therapy have mainly focused on stimulating lymphangiogenesis via exogenous treatment or endogenous expression of growth factors, such as VEGF-C or D. 35, 36 Nevertheless, this approach cannot be applied to actual clinical use because the main obstacle would be concern over possible tumor metastasis caused by growth factors. 37, 38 Therefore, unlike conventional trends in lymphedema studies, we focused on targeting one major ECM component for lymphedema therapy. HA has a high water binding capacity. 39, 40 When the accumulated HA in our lymphedema animal is degraded by injecting hyaluronidase, fluids trapped by HA can be released and are free to move. In addition, a recent study reported that LMWHA was required for lymphangiogenesis through interactions with its receptor LYVE-1. 29 We expected that the increased LMWHA caused by hyaluronidase would enhance lymphangiogenesis in the injected region. LYVE-1 has an essential role in biogenesis of lymphatic endothelial cell and in controlling lymphangiogenesis. 41 LYVE-1 and VEGFR-3 staining have been used for the quantitative study about the formation of new lymphatic vessels such as in the avascular cornea in their mouse corneal model. 42 Thus, LYVE-1 and VEGFR-3 were used for selective markers of the lymphatic endothelium. 42 They showed the dilation of lymphatic vessels ( Figure 5(a) ) and change in the number of lymphatic vessels (Figure 5(b) and (c)) in the dermis layer of hyaluronidase-treated group, which resulted that hyaluronidase treatment led to a reduction in the volume of the lymphedematous region. Also their improved expression ( Figure 5(d) and (e)) might demonstrate that lymphatic systems were regenerated. When western blotting for the VEGFR-3 proteins was performed to investigate proliferation of lymphatic endothelial cells by hyaluronidase for 21 days, we determined the highly gradual increase in protein expression of VEGFR-3 in HYAL-LE group during the entire observation period ( Figure S2 ). Based on the high increase in the small size of lymphatic vessels in HYAL-LE group, this result indicated that hyaluronidase treatment could induce small sprouting lymphatic vessels, followed by the promotion of proliferation of lymphatic endothelial cells ( Figure 5(f) ). Furthermore, lymphangioscintigraphy images from the HYAL-LE group showed ameliorated circulation of lymphatic fluid by regeneration of the lymphatic system blocked from the lower extremity of the body ( Figure 6 ). In this respect, injection of hyaluronidase induced lymphangiogenesis by stimulating regeneration of lymphatic components.
In summary, we developed a model for acquired lymphedema in the mouse hind limb which presents with various symptomatic features detected in lymphedema patients. This newly developed lymphedema model showed more distinct symptoms with respect to volume and morphology in the right lower limb than any other lymphedema animal model. Consequently, control of accumulated HA by hyaluronidase in lymphedematous tissues could repair the histopathological abnormalities in lymphedema by reducing swelling and regenerating the impaired lymphatic circulation. We believe that signaling of the degraded HAs known as LMWHA might have an important role in therapeutic effects on lymphedema. Several sizes of HA fragments have had important roles in specific mechanisms. 29, 43, 44 Further studies about signaling mechanism of various size of HAs and biochemical profiling of various HA sizes produced by hyaluronidase treatment should be performed in vitro cell lines or in vivo model system to understand the mode of action of LMWHA in the lymphangiogenesis among lymphedema symptoms.
Materials and methods
Creation of a new mouse lower limb model of lymphedema
In order to develop a lymphedema model, we designed a new experimental mouse model system (ICR, eight-weekold, male, 33-35 g, Dae Han Bio Link Co., Ltd, Korea) for the induction of lymphedema in the right lower limb. The lymphedema model mouse was prepared by eliminating three lymph nodes (Superficial inguinal lymph node, Popliteal lymph node, Deep inguinal lymph node) and the Femoral lymphatic vessel (SPDF removal group). During surgical procedures, highly controlled incision and electrocauterization were used without bleeding ( Figure S1) .
A detailed Supplementary Materials and Methods is available online.
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